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ABSTRACT

In the source-free mantle/frozen-flux core magnetic earth model,
the non-linear inverse steady motional induction problem has been solved
using the method presented in Part IB. The present paper describes how
that method has been applied to estimate steady, broad-scale fluid
velocity fields near the top of Earth’s core that induce the secular
change indicated by the Definitive Geomagnetic Reference Field (DGRF)
models from 1945 to 1980. Special attention is given to the derivation
of weight matrices for the DGRF models because the weights determine the
apparent significance of the residual secular change. The derived
weight matrices also enable estimation of the secular change signal-to-
noise ratio characterizing the DGRF models.

Two types of weights were derived in 1987-88: radial field weights
for fitting the evolution of the broad-scale portion of the radial
geomagnetic field component at Earth’s surface implied by the DGRFs, and
general weights for fitting the evolution of the broad-scale portion of
the scalar potential specified by these models. The difference is non-
trivial because not all the geomagnetic data represented by the DGRFs
constrain the radial field component. For radial field weights (or
general weights), a quantitatively acceptable explication of broad-scale
secular change relative to the 1980 Magsat epoch must account for
99.94271% (or 99.98784%) of the total weighted variance accumulated
therein. Tolerable normalized root-mean-square weighted residuals of
2.394% (or 1.103%) are less than the 7% errors expected in the source-
free mantle/frozen-flux core approximation.
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1. INTRODUCTION

The work of ELSASSER (1946a,b 1947) and others has led to general
acceptance of the importance of induction effects in geomagnetism (see,
e.g., JACOBS, 1987). The importance of steady induction effects in
geomagnetism, although clearly less, cannot be dismissed simply because
slow changes of the geomagnetic field, the secular variation (SV), are
not purely linear with time-as evidenced by the inaccuracy of
predictions by BOND (1668). Unlike steady magnetic flux diffusion,
motional induction by steady fluid flow near the top of the electrically
conducting ligquid outer core need not imply constant SV. Consider, for
example, a high conductivity core threaded by a partly non-axisymmetric
magnetic field of internal origin: steady, uniform westward flow of this
core relative to a magnetically source-free mantle induces unsteady SV
in the mantle reference frame.

1.1 Synopsis

Part IA (VOORHIES, 1992) offered some reasons to consider steady
induction effects in geomagnetism. The source-free mantle/frozen-flux
core (SFM/FFC) earth model (wherein a rigid, impenetrable, electrically
insulating mantle of uniform magnetic permeability surrounds a
spherical, inviscid, and perfectly conducting core in anelastic flow)
was introduced and used to focus attention upon the fluid motion near
the top of the core. The theory underlying some estimates of core
surface flow was summarized. Some implications of a few kinematic and
dynamic hypotheses were derived. The solution to the forward steady
motional induction problem was found to be an example of deterministic
chaos. Special attention was given to the long-term geomagnetic effects
of persistent, surficially geostrophic flow.

To investigate steady induction effects in a quantitative way, it
is useful to treat the supposition of steady surficial core flow as if
it were a hypothesis to be tested geomagnetically. Then the idea is to
see if such a flow can be designed to induce the secular change signal
indicated by geomagnetic data (or broad-scale spherical harmonic models
thereof) and, if not, assess the significance of the residual, unmodeled
signal. Part IB (VOORHIES, 1993) offered a fairly general method for
estimating a steady fluid flow at the top of the core in the context of
the SFM/FFC model. The method is based upon iterative solution of the
linearized weighted least-sgquares problem, but admits optional biases
favoring surficially geostrophic flow and/or spatially simple flow.

As noted in Part IB, solution of the non-linear inverse problem
posed by the hypothesis of (piecewise, statistically) steady core
surface flow regquires specification of a complete initial geomagnetic
condition: the radial field component everywhere at the top of a FFC,

Br(b,t), or, for a SFM, at Earth’s surface, Br(a,t). Such a condition
will not be specified by discrete geomagnetic data alcone within the
forseeable future. Moreover, tests of steady flow are likely embedded

in some magnetic earth model-be it the SFM/FFC model or a refinement
therecof. The rigor of a purely geomagnetic test is thus limited: it may
be that errors in the initial condition or in the earth model, rather
than errors in the steady motions hypothesis, lead to unacceptably large
residuals. It is thus doubtful that geomagnetic tests of the steady
motions hypothesis can be absolutely decisive. Fortunately, we already



know that both the SFM/FFC model and the steady motions hypothesis are
but conceivably relevant idealizations. The question remains as to what
fraction of recent SV cannot be readily attributed to steady induction
effects. Such unmodeled signal may contain evidence for many other
interesting geomagnetic effects. It turns out that application of the
method developed in IB is well suited to answering this question.

1.2 Review of the Theory

For steady flow, the radial component of the magnetic induction
equation at the top of a frozen-flux core of radius b is, in spherical
polar coordinates (r,8,9),

atB‘rp(b,t) + vg(b)oV B (b, t) = Byp (b, t)d u(b) (0)

which is a special case of the ROBERTS & SCOTT (1965) equation. With
sums running over repeated subscripts, the compact spherical harmonic
expansions for the input radial magnetic flux density B (r,t) and for
the predicted radial magnetic flux density Brp(r,t) are, respectively,

Brplr,t) = v;(r, t)S;(6,¢). (1b)

Here S; (0,¢) is a Schmidt-normalized spherical harmonic; compact index 1
is un1que1y determined by, and uniquely determines, both the spherical
harmonic degree n(i) and the order m(i). Radii a = 6.3712 Mm and b =
3.480 Mm are of interest here, so define: g; = gi(a,t); Gy = gi(b,t); Yi
= y;(a,t); and Ty = v, (b t). For a SFM, g; = TijGj and y; = Tijrj,
where rij —[b/a]n(l)+ 8, is an element of the diagonal upward
continuation matrix. The g; are the input Schmidt-normalized Gauss
coefficients (g,™ h, ™ for the usual internal scalar magnetic potential
at reference radius a multiplied by [n(i) + 1].
The hypothetically steady fluid flow at the top of the core

~

vo(b) = V_T(b) x * + V,U(b) (2a)

is parameterized in terms of the spherical harmonic coefficients for the
expansions of the streamfunction -T and velocity potential -U:

T(b) = o;S;(6,0) U(b) = B;S;(6,9). (2b)

Equation (IB.15) follows from substitution of (la-2b) into (0):

I Ty = (leljk)a' + (rlYl]k)Bj = Pri0y + ijﬁj' (3)

The (lek, k) are given by (IB.16); (Pk-,Qk are given by (IB.17).

Upward contlnuatlon of (3) gives equations (IB 18a

3cv; = Yip0eTy = Yy [(T3X 5005 + (F3¥553)B5) (4a)
= Yy [Prj0y + QpyB5] (4b)
= Pij0j + dijBy = Ayl te)



The matrix notation for (4c) is dpy = éé, where -f is the extended
column vector of streamfunction and velocity potential coefficients and
A is the matrix of normal equations coefficients. The elements Ajq of A
vary with time due to their dependence upon rp(b,t), hence upon é and
the initial geomagnetic condition.

1.3 Summary of the Method
The approach to estimating é, hence the ;. the Bi' T, U, and

steady flow Vvy(b), described in Part IB is based on minimizing the
function

ama? = dam(a,2 4 A A2+ Agag?) . (5a)

In (5a), A, and ld are adjustable damping parameters. The semi-
normalized square-weighted residual, or misfit, is Ar

5 te T
anA 2 = [ (g - y) W(g - pat
tO - - = - -
tf t t
= "l <atg - af) dr]TW(I (a 9 - Af)dr))de
tO tO =- to =-
= [6 g - A&]Tw[a g - Aé (Sb)

where W is the time-dependent radial field weight matrix and the initial
condition is taken to be gla,ty) = y(a, to) - For general weights, Q/f
replaces W/4r in (5b). The mean square ageostrophy of the flow is A 27

2n ©n v(b)
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v
4nlg<{arucose + ;sin6)2>

4nXgAg2 sine)zsin6d9d¢

il

[B&]TA [BE] (5¢)

The mean-square radial vort1c1ty plus the mean-square downwelling is
just Ag? = <lw ()12 + (3 u(b)]2>:

amhgAg® = ETALE. (5d)

The linearized weighted least-squares estimate of the parameters 1is
obtained by treating A as if independent of é and minimizing (5a):



E=mTwa + BT A B + Agl HAT W 3 (6)

which is (IB.32).

Because A depends on the predicted radial field component B, (b,t),
it depends upon I', hence upon § and the initial condition. Minimization
of (%a) is thus a non-linear inverse problem. To solve this problem by
iterative solution of the linearized problem, initial matrices A(0) are
computed from the input g(t). Then (6) is solved for &(1) whicﬁ, in
turn, is used to construct v, (b) and solve the forwardﬂproblem (0) from
the inital condition at t,. The resulting predictions B (b,t) are used
to compute the time-varying predicted radial field coefficients y(1),
the residuals Sg(l) =g - (1), and new matrices A(l) for the next
estimate, £(2). With 8g(j) = g - Y(3j) and E(3+1) = E(3) + 8 (3+1),
the correction to é(j) is giveﬁ by_deep iteration e&uation (IB.33a):

8E(5+1) = [(a(H)T w A +« BTAE + A 17 a()Tw 8d.9(9))
g d T

(7)
- 18T Ay BILE(I) - Ego) - AQl8(I) - &g0)-

challow iteration is described by equation (IB.33b) .

Note that é o is taken to be 0 in the calculations. The routine
prior bias édo is also taken to be Q; however, some calculations have
been performed with a learning algorithm so as to escape from this bias
against non-trivial parameters. Then §qo is taken to be £(3) and
Aq —Ahgq(3+1) is selected to keep §{(j+1) close to E(3) (see IB, section
3.3). The learning algorithm is used to explore the tightness of fit
afforded by steady flows which appear so spatially complicated as to
inhibit convergence of the iteration scheme (7)-as expected if (5a) has
multiple extrema for very small values of Xd.

2. APPLICATION

The foregoing method has been applied to estimate piecewise steady,
optionally geostrophic, and optionally damped, surficial core motions
which induce the secular change indicated by the Definitive Geomagnetic
Reference Field (DGRF) models. The DGRF models were derived by Working
Group 1.1 of the International Association of Geomagnetism and Aeronomy
(IAGA, 1988). The DGRFs are slowly varying, broad-scale spherical
harmonic models of the magnetic field observed at and near Earth’'s
surface. They include the 120 Gauss coefficients through degree and
order 10 at S-year intervals from 1945 to 1980. Linear interpolation
gives the recommended broad-scale geomagnetic field model between DGRF
epochs (PEDDIE, 1982); however, the work of ALLDREDGE (1987) and of
LANGEL et al. (1988) indicates that such interpolation need not, and
indeed should not, be taken too seriously.



The DGRF model for epoch 1980 consists of the Gauss coefficients of
the model GSFC (12/83) derived by LANGEL & ESTES (1985) rounded to the
nearest nT and truncated to degree and order 10.

PEDDIE (1982) describes the derivation of the DGRF models for
epochs 1965, 1970, and 1975. Each of these models is a weighted average
of three candidate models derived by different groups of geomagnetists:
the GSFC (9/80) model derived by LANGEL et al. (1982); the IGS models
derived by BARRACLOUGH et al. (1982); and the USGS models derived by
PEDDIE & FABIANO (1982). The weighted averages are rounded to the
nearest nT and truncated to degree and order 10. The time-dependent
weights assigned to the GSFC, IGS, and USGS models are, respectively,
(0.2, 0.6, 0.2) for 1965; (0.25, 0.50, 0.25) for 1970; and (0.3, 0.4,
0.3) for 1975 (PEDDIE, 1982).

The DGRF models for epochs 1945, 1950, 1955 and 1960 were derived
by LANGEL et al. (1988). The Gauss coefficients published in that paper
are rounded to the nearest 0.1 nT, are accompanied by simultaneously
derived SV coefficients, and include uncertainty estimates. The latter
estimates depend upon prior assumptions including: (1) the spatial power
spectra of the core and crustal fields used to form correlated data
weight matrices and (2) the requirement that in regions of poor data
coverage the models do not stray too far from a MAGSAT model projected
back in time (LANGEL et al., 1988).

Spherical harmonic models of the geomagnetic field have been
derived for about 150 years; they represent a vast number of
observations quite well. The 8 DGRF models can be (and with general
weights are) viewed as 8 points in a 121-dimensional sub-space: 120
dimensions for the coefficients and one for time. The covariance
matrices derived for the DGRF models (see section 3.1) describe
estimated error ellipsoids around each such point (excluding 1980). My
strategy for estimating a single steady flow is to take one of these
points (e.g., 1980) as an initial condition and seek a trajectory whose
projection onto the 121-dimensional sub-space passes close to the other
7 points. The trajectory is the predicted magnetic field determined by
upwardly continuing the results of steady, frozen-flux motional
induction at the CMB through a SFM. If a trajectory is found whose
projection passes close enough to (e.g., intercepts) all 7 error
ellipsoids, then the steady flow hypothesis and the SFM/FFC earth model
are compatible with the DGRF models and any geomagnetic data they
adequately represent. Indeed, the steady flow hypothesis would then
seem to be in the same class as the candidate DGRF models. If no such
trajectory is found, then the steady flow hypothesis or the earth model
should be suspected of significant error. If no such trajectory exists,
then one or more of these suppositions 1is too poor to provide a
quantitatively adequate explication of the indicated secular change.

Application of the method derived in IB (or similar methods) to a
particular set of Gauss coefficients (or original data) presents
particular technical problems which must be solved either before or
during the calculations. The rest of this section describes how these
problems have been solved for the case of the DGRFs.

2.1 Initial Conditions
Solutions of the forward steady motional induction problem at the
top of a FFC can exhibit an extreme sensitivity to initial conditions




common to many problems in deterministic chaos (IA, section 3). Initial
conditions should therefore be selected with care. The 1980 DGRF model
represents global geomagnetic data gathered by NASA’'s Magsat satellite
as well as other types of data, so it was chosen to constrain the
initial conditions by selecting t, = 1980 when fitting either the entire
35-year sequence of DGRF models (tg = 1945) or any sub-interval
including epoch 1980. This is a relatively ambitious initial condition
because 1980 is an endpoint rather than an interior point of the 35-year
time interval, and because errors in the initial condition are expected
to grow exponentially with elapsed time le - tol (see egquation
(IA.14b)). This choice will, however, enjoy an advantage when extending
the steady motions hypothesis to make and test predictions for
subsequent epochs.

A complete initial condition is required. Though complete in the
spatial domain, the DGRFs are truncated spherical harmonic models and
are thus incomplete in the Fourier-Legendre spectral domain. The 1980
DGRF model contains no information about Gauss coefficients of degrees
greater than 10, so some supposition is needed to complete this model.
I have supposed that all Gauss coefficients of degrees greater than 10
are zero at 1980-the expectation value indicated by any probability
distribution for these Gauss coefficients which enjoys zero mean. This
suppositicon, along with the SFM/FFC model, limits my ability to falsify
the steady flow hypothesis: if this initial condition does not allow
derivation of a satisfactory fit to the other 7 DGRF models, there may
be a different initial condition with a non-trivial narrow-scale core
field which does. Because the 1980 DGRF model is a truncated version of
model GSFC (12/83), which includes main field coefficients through
degree and order Ng = 13, coefficients of degrees 11, 12, and perhaps 13
can be used to test the sensitivity of misfit, estimated velocity
fields, and geomagnetic field forecasts to changes in the narrow-scale
part of the initial magnetic conditions. Indeed, a test case showed
that including non-trivial initial coefficients through degree 12 gave a
very slight improvement in fit to the other 7 DGRFs. Effects of still
higher degree initial coefficients could be investigated via Monte Carlo
inversions of deterministic chaos—a seemingly unenlightening pursuit.
Reliance upon non-trivial, narrow-scale initial geomagnetic conditions
to provide a satisfactory fit may be possible, but it seems inelegant;
indeed, contrivance of such conditions might well be dismissed as a
fluke. Of course, with a much more realistic earth model, such design
could reveal fine core field structure which is otherwise masked by the
crustal field.

2.2 Magnetic Truncation

The spherical harmonic expansions for the input radial field (la)
and the predicted radial field (1lb) involve summations over repeated
subscript i which ought tco run from one to infinity (or to the highest
wavenumber describing the macroscopic geomagnetic field). The same is
true of the summations required to evaluate the square-weighted residual
(5b) and thus to estimate the (similarly infinite dimensiocnal) vector of
flow parameters £. These sums must be truncated in practice.

The DGRF models do not specify the Gauss coefficients of degrees
greater than 10 (n > Ng = 10) and thus do not specify the radial field
coefficients g3 with i > Np(Ng+2) = 120. This does not imply, nor is it




tantamount to assuming, that such high-degree coefficients are zero! It
means only that such high-degree coefficients are not known well enough,
are hopefully not important enough, and are perhaps too influenced by
the crustal field, to include in the DGRF models. Therefore, if the
spherical harmonic representation of a predicted magnetic field model
contains non-zero radial field coefficients y; with i > 120, such
coefficients must not be directly included in the square-weighted
residual. This requirement can be met by truncating both g; and y; in
(5b) to length imax = 120 when evaluating and Ar2. Such truncation is
consistent with the assumption that high-degree DGRF cofficients are
unknown. The possibility of using prior beliefs or biases about the
evolution of the narrow-scale core field to constrain predicted high-
degree coefficients is not pursued here. Such coefficients can be
derived by extending spherical harmonic analysis of the predicted field
past the 10th degree and they may then be examined in detail. This was
not done routinely; however, both the rms predicted radial field
component, <[Br (b,t)]2>l/2, and the rms time rate of change of the
predicted radial field, <{8tBrp(b,t)]2>1/2, are routinely calculated to
verify that implausible contributions from narrow-scale radial fields at
the CMB are in fact not predicted. The former does not exceed a few
gauss and the latter typically does not exceed several thousand nT/year.

An alternate approach to the magnetic truncation problem is through
the radial field weight function W(a,t) and weight matrices W(a,t) (or
the general weight matrices Q(a,t)). The objective 1is to match the
evolution of the broad-scale part of the radial field alone, so the
weight function must reflect uncertainties in the broad-scale radial
field represented by low-degree coefficients alone. Then (possibly
unknown) radial field coefficients of degrees greater than some maximum
degree (here 10) must be assigned zero weight. To do so one may set the
wij with i or j (or both) greater than 120 equal to zero. Similarly, if
the objective is to match the evolution of the broad-scale scalar
potential, then direct contributions to the square-weighted residual

from high-degree coefficients must be assigned zero weight. This can be
accomplished by truncating each Q(t) to a 120x120 matrix. Truncation
cf W (or Q) has the same effect’ on the square-weighted residual as
truncation of both g and ¥. Both approaches avoid including the direct

effect of non-trivial préaicted high-degree coefficients in the square-
weighted residual.

Truncation of weight matrices does not necessarily Jjustify
truncation of covariance matrices used to derive them. Ideally,
complete covariance matrices would be inverted for complete weight
matrices. Truncation of the complete weight matrices would then target
the broad-scale objective.

In practice, all g; above degree 10 are taken to be zero only to
start the iteration scheme (j = 0 in equation (7)). They are also taken
to be zero at time t_ when an initial condition is needed to prime the
forward motional induction scheme. The latter is a finite difference
representation of equation (0) which induces SV by steady numerical
advection of the radial field on_a 2°9x%2° regular mesh using 107 % vyear
time steps. (The adequacy of a 2 mesh hasobeen confirmed by comparing
test results with those obtained using a 1 mesh; the accuracy of the
first-order time-stepping has been confirmed using a second-order
scheme). The resulting numerical solutions of the forward steady



moticnal induction problem implicitly represent the predicted magnetic
field through very high degree: the azimuthal Nyquist wavenumber is 90
on the 2°x2° mesh.

This fine resolution allows key effects of the predicted narrow-
scale core field on both the solution of the forward problem and the
iterative solution of the inverse problem to be retained without having
to calculate predicted coefficients above degree 10. Such high-degree
coefficients would represent narrow-scale core field structure induced
by the interaction of the steady fluid motion with the radial magnetic
flux density (VOORHIES, 1984; 1986a; 1986b). Because a steady fluid
flow also interacts with the narrow-scale field to induce secular change
on all spatial scales, the predicted narrow-scale fields eventually
influence the predicted broad-scale field. Specifically, predicted
high-degree coefficients eventually influence predicted low-degree
coefficients (see untruncated equations IB.15-16b). Because predicted
low-degree coefficients determine the square-weighted residual, this
indirect effect of predicted high-degree coefficients must be included
to accurately measure misfit.

Only the Yi through degree 10 contribute directly to the square-
weighted residual, so only the atyi through degree 10 contribute

directly to (5b) (see (IB.9c , 1llc and 19)). It follows that linearized
attempts to minimize the square-weighted residual need only account for
the first 120 rows of A (VOORHIES, 1986b). This 1is also true for

attempts to solve the non-linear inverse problem by iterative solution
of the linear problem. However, as noted above, the indirect effects of
predicted high-degree coefficients on the predicted low-degree
coefficients must be retained when solving the non-linear problem. This
requirement can be fairly well, if not strictly, met by several
technigques—each of which demands very accurate calculation of the total
predicted radial field component needed in (4a-c).

The physical technigque adopted tracks B,.,(b,t) in the physical
domain via finite-difference solution of equation (0) on a fine mesh.
Values of B,,(b,t) at the mesh points are periodically stored for use
with (4b). ©Only the low-degree coefficients needed to evaluate the
residuals and ﬁatqjj) are extracted from B o- The surface integrals
giving P and Q (IB.17) are evaluated numerically, so both broad and
narrow scales in the predicted field contribute to the new A(j) needed
for the next deep iteration (7). One pseudo-spectral technique would
solve (0) in the physical domain, but periodic sphe:rical harmonic
analysis of B.,(b,t) for the Fk(t) would extend through very high degree
and order (say 90). These Fk would then be used in (4a) with Xi5x and
Yiik evaluated through extremely high wavenumber k (say k < 8,280;, but
oniy i € 120. A purely spectral technique based on (4a) would track
evolution of the Fk(t) through very high degree using (3), the Xijk and
Y;4x from (IB.l6a-b) evaluated to extremely high wavenumbers i and k,
ané, say, I (t+bt) = I (t) + (0 I ()]0t with very small 8t. Efficient
evaluation of the Xijk and Yijk has been achieved by K. A. Whaler and D.
Winch (1987, personal communication). Spectral methods may be more
efficient computationally, but I prefer the simple, direct physical
method (which might be readily adapted to an aspherical CMB).



2.3 Velocity Truncation and Damping

The original method of VOORHIES (1984; 1986a) yields steady flows
which fit SV models at the CMB under the assumption that SV coefficients
above degree N are zero. It was found that the streamfunction should
include coefficients through degree 12 or more in the case of purely
toroidal flow. For combined flows, the preferred solution (C4) included
both streamfunction and velocity potential coefficients through Np = Ny
= N, = 12. The second method (VOORHIES, 1986b) vields steady flows
which fit SV at Earth’s surface without assuming zero high-degree SV;
however, omission of non-linear aspects of the inverse problem and the
avoidance of damping prohibited meaningful estimation of flow
coefficients above degree 5. Estimates with N,, > 5 gave smaller linear
residuals, but larger genuine, non-linear, residuals obtained via
forward soclution of the steady motional induction problem, spherical
harmonic analysis of Brp(b,t), upward continutation, and comparison with
the DGRFs.

After some experimentation with new algorithms, I chose to truncate
the velocity field parameterization at degree and order N,, = 16 and to
use non-zero damping Ay. Then 288 o, and 288 B;, or 576 velocity field
parameters €., are determined; these parameters are not entirely free
when either 4 or A (or both) are non-trivial. Such truncation is
satisfactory when equation (7) is solved with large to moderate Ad and
édo = 0. The latter selections also yield sclutions é(j) which converge
in a few iterations. When ld is too small, shallow iteration using the
initial A(j = 0) matrices did not appear to yield convergent solutions,
indicating a failure of the linearization in the case of vigorous,
complicated flow. Moreover, deep iteration with small ld somet imes gave
é(j) converging towards local minima characterized by dgreater square-

weighted residuals than solutions of lesser roughness. This is to be
expected when non-linear aspects of the 1inverse problem are not
overwhelmed by a fixed prior bias gdo = 0 (towards zero solution norm).

Physically, the spectral mapping of a fixed prior bias towards zero norm
can inhibit discovery of solutions with (a priori, improbably) tall
peaks in the surface kinetic energy density (SKED) spectrum (VOORHIES,
1984, 1986a) that offer a smaller misfit at equal or lesser norm.
Linear stability calculations (CHANDRASEKHAR, 1961) lead me to suggest
that tall peaks in the SKED spectrum are in fact quite plausible.

The learning algorithm does not suffer so much from this drawback
because it allows iterative growth of tall spectral peaks which may be
needed to reduce misfit. It was used to derive rougher flows and
tighten the upper bounds on the apparent error in the earth model.
Examinatjon of SKED spectra indicates N, = 16 is acceptable for flows of

moderate roughness derived using the learning algorithm. The learning
algorithm need not produce convergent §(j) (unless A4(j+1) is set to
infinity), so increasing N, could reduce the misfit for the roughest

flows explored. For very large N, the learning algorithm yields flows
with SKED spectra which must in principle still fall off faster than n”3
at high n; however, the amplitude of the spectra will depend on both the
convergence factors (Xd(j)) used in, and the solutions obtained by, all
previous iterations. Such hysteresis effects may occur in other
applications of the learning algorithm.



2.4 Integrations
The double time integrals in equation (7) can be approximated
numerically in many ways. I chose a simple method based on accepting
the suggested linear interpolation between DGRF models at face value.
The interval t, to t¢ (e.g., 1945 to 1980) is subdivided into L = 7

sub-intervals. For each sub-interval 1, let t denote the mid-point,
t1. the beginning, t;, the end, and let Atl = ty, - tj_ denote the
duration (5 years). The time rate of change of the radial field is

approximated by a temporally constant, but spatially variable, SV in
each such sub-interval in accord with the suggested linear
interpolation. The time-dependent A matrix is the upward continuation
of 'the concatenated P and Q matrices (4c). Elements of P and Q (IB.l7a-
b) are linear in the radial field at the CMB, so the integral of any
such element over any sub-interval Atl is approximated by the value of
that matrix element at the sub-interval midpoint t nmultiplied by Atl.
These values were estimated by substituting the arithmetic mean of
(b,t) at times ti, and £y into equations (IB.17a-b) and evaluating
the integrals over the CMB numerically using a simple double Riemann sum
approximation on a 2°x2° mesh.
The dummy time integral of the A matrix is thus approximated by its
Riemann sum

— t - t, 1
I a(mar = a(ey,) =] amar = I A(t)Ary (8a)
to = = ty = k=1 =

0o
Q
=

m

and the elements of Saﬁ; at time t are approximated by

_— t ——— t
1+

8oig(1) () = [ 8dg(ndr = 80g(v) (ty,) =] 80,9 (1) dt

to to

1

k=1 B
where
Satgi(tk) = ([gi(tk+) - gi(tk_)] - [Yi(tk+) - Yi(tk_)])(Atk)_l- (8c)
If the initial condition were at 1945, then k would be incremented from
1 (sub-interval 1945 to 1950) to 1 (sub-interval t;_ to t1+). With the
initial condition at 1980 (the end of the interval), k is actually
decremented from 7 (sub-interval 1975 to 1980) to 1. However, it is

convenient (and thermodynamically permissible) to imagine time running
backwards in this dissipationless (and thus isentropic) problem. Then
relabeling the sub-intervals still allows (8) to be used.

Because A and 8d g are treated as steady during each sub-interval
in the dummy fime 1ntegrals, it is convenient to further approximate the
weight matrix elements W, as _constants during each sub-interval. Then
the double time integral of ATWA in equations (7) is approximated by
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— L 1 1
AMTW(E) A(D) = £ ([T A(At] Wit)) [ I Alty)At,])At, (9a)

and the double time integral of ATWSBtg is approximated by

L 1
ADTW()8g(1) = I ([ L At)At] Wity) [

1
pX Satg(tk)Atk]}Atl. (9b)
1=1 k=1 = -

k=1

The finite time element approximations (9a-b) seem particularly
appropriate for initial iterations (j = 0) using the DGRFs—provided the
weight matrices are roughly constant. If they are not, it would be
better to use a more precise technique (e.g., select L > 7). This has
not been attempted because the best method for interpolating the DGRF
models and their weight matrices is not known. (A more accurate method
for evaluating the dummy time integral for j > 0 which exploits the
results of the forward solution has recently been adopted) .

No allowance for the polar caps was made in the spatial numerical
integrations used to calculate elements of P and @, hence A. These
matrix elements are thus accurate to only about two parts in 10%.
Indeed, downward continuation of the 1980 DGRF to the CMB, evaluation of
Br(b,1980) on the mesh, spherical harmonic analysis through degree 10
via numerical integration, and subsequent upward continuation yielded
rms errors in the radial field of 6.77 nT (about 2 parts in 104). This
error is due primarily to inexact reproduction of zonal (i = n2)
coefficients and to the large axial dipole in particular. Although this
error is smaller than the minimum 25 nT rms uncertainty in the pre-1980
DGRF radial field models (see section 3.2), a polar correction was
included in the spherical harmonic analysis of the predicted field for
the y; at all DGRF epochs so as to calculate the misfit precisely. This
reduced the error from 6.77 nT to 0.11 nT in the test case.

Small errors resulting from imperfectly exact integrations are
unimportant compared with expected errors in the underlying physical

assumptions. For example, it is doubtful that the radius of the core is
known to better than 1 part in 103: one survey of seismic estimates
indicated the core radius to be 3485 + 5 km (VOORHIES, 1984). Because

errors in the core radius 8b (and larger errors associated with the
omission of core ellipticity) amplify as [a/(b+8b) )7+l when B, is
extrapolated from Earth’s surface to the CMB, they should exceed the
spatial integration errors. Fine tuning of the spatial integration is
not too difficult, and may be needed when core asphericity is included.
(Indeed, extremely accurate spatial integrations based on a quartrature
rule have recently been developed and implemented).

Tests conducted with synthetic field models show that the numerical
methods do not contribute significantly to the misfit, Arz. These tests
also reveal that recovery of steady flows used to synthesize test case
secular change models, and thus the effective elimination of misfit,
requires extremely small damping Kd. Nevertheless, I can but establish
upper bounds on the error in the earth model because of the uncertainty
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in narrow-scale initial magnetic conditions, the finitude of N, and
limitations imposed by either fixed bias or learning algorithms.

3. DERIVATION AND IMPLICATIONS OF WEIGHT MATRICES FOR THE DGRF MODELS

3.1 Derivation of the Weight Matrices

Derivation of weight matrices for the 1945, 1950, 1355 and 1960
DGRF models proved straightforward. The total information matrices for
these models were generously provided by R. Langel and T. Sabaka (LANGEL
et al., 1988). These 200x200 matrices were inverted to obtain the full
covariance matrices for these DGRF models. The latter were stripped of
main field-secular variation (MF-SV) and SV-SV coefficient covariances
because the main field weighting scheme was selected. The square roots
of the diagonal elements of the resulting 120x120 main field covariance
matrices, V{t), are the uncertainty estimates for the main field
coefficients published by LANGEL et al. (1988). The elements Vi (t)
were multiplied by [n(i)+1][n(j)+1] to obtain the epoch—depenéent
elements of the covariance matrix for the input radial field
coefficients, Eij(tn). These matrices were used to calculate the
squared uncertainty estimates for the DGRF models at the mesh points of
the 2°x2° regular grid using the inverse of equation (IB.10). The
resulting oBr(a,tn), the square root of the inverse weight functions
W(a,t)"~ , are the same as the uncertainty estimates contoured by
LANGEL et al. (1988, figures 2c, 3c, 4c¢, and 5c). As expected, the
weight function is large (heavy) in areas of dense data coverage (e.g.,
Europe) and small (light) where data are sparse (e.g., the SE Pacific
Ocean and portions of the Indian Ocean). The weight matrix elements W,
at DGRF epochs 1945, 1950, 1955, and 1960 were evaluated by numerica
integration of (IB.1l2a).

A very different method was used to derive weight matrices for the
DGRF models at epochs 1965, 1970, and 1975. Recall that a weighted
average of the three candidate models defines the DGRF models at these
epochs. The weight factors are supposed to reflect the apparent
accuracy of the candidate models (PEDDIE, 1982). This weighted average
was taken as defining the expected value of the Gauss coefficients and
thus the expected value of functions thereof.

Let the vector of radial field coefficients for candidate model k
at epoch t  be denoted by its elements gik(tn). Then the radial field
coefficients for the DGRF model at epoch t, are

gj(tp) = g3ty = wisKien) gykey) (10)

where the approximation represents roundoff error. The weight tensor
wijk(tn) depends on epoch the candidate model k and the coefficient of
interest i; its projection at a given t, and fixed k is a matrix which
is diagonal in the coefficient subscripts i and j. At epochs 1970 and
1975 all candidate models are complete through at least degree 10; wj;
is then the non-zero constant w* for i = j € 120 and zero for all other
(i,3) . Higher degree coefficients, including the GSFC (9/80)
coefficients of degrees 11 through 13, are assigned zero weight; this
does not imply that they are zero.

The 1965 IGS candidate model includes coefficients only through
degree 8 (i € 80). 1Inspection reveals the 1965 DGRF coefficients of
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degree 9 and 10 (81 £ i £ 120) to be the rounded, equally weighted
averages of the GSFC and USGS candidate models. This is in accord with
the assignment of zero weight to the undetermined degree 9 and 10
coefficients of the 1965 IGS model. These coefficients are not assumed
to be zero here, so the 1965 weight tensor elements depend upon
coefficient degree. Note that the assignment of zero weight to certain
geomagnetic coefficients is a geophysical judgment; it is not a
mathematical result obtained by inverting infinite dimensional
information matrices with elements either determined or bounded by
either data or prior informaticn.

Equation (10) is here taken as defining the expected value of the
DGRF model coefficients. This expected value is a linear combination of
the candidate model coefficients: the weighted average with weights
inversely related to the uncertainty ascribed to the candidate models.
Linear combinations of DGRF coefficients are thus linear combinations of
the candidate models, so the expected value of the error of any linear
function of DGRF coefficients is zero (apart from roundoff error). For
example, the expected broad-scale radial field component

_ k _ k k
E{Br(a,tn)} = E{gi (a'tn)si(e’¢)} = [wij (tn) gj (tn)]si

= gi(tn)si = gi(tn)si (11a)
is that given by the DGRF coefficients (to within roundoff error). The

individual coefficient deviations
k = k
di (tn) = gy (tn) - gi(tn) ({11b)

have been calculated using the published candidate and DGRF model
coefficients. The expected error in the broad-scale radial field

E(8B,(a,t,)) = B(d;®(a,t)5; (0,00} = [wi*(e) ake)s;

= [g;(ty) - gi(ty)]s; =0 (11lc)

is indeed zeroc to within the expected cumulative (rss) roundoff error of
0.7 nT per Gauss coefficient. Note that non-linear functions of DGRF
coefficients like the scalar geomagnetic intensity or the absolute flux
linking the core (BENTON & VOORHIES, 1987) are non-linear combinations
of the candidate models and need not have zero expected error.

The expected value of the squared error in the broad-scale radial

field is needed to calculate the weight function (IB.10). This is
2, _ k k _ k k
E([aBr(a:tn)] } = E([sidi ][dj Sj]} = SiE{[di ][dj 1) Sj
_ _ 2 _ oy -1
= S5 Eij(tn) Sj = [oBr(a,tn)] = W(a,tn) . (12a)

Cross correlations between candidate models (different superscripts) and
different epochs (tn) are omitted in accord with (10). For each t, and
each k, introduce the diagonal matrix square root of wijk(tn), w:

. . = k
05 (Kity) Opg(kity) = wigtity) (12b)

13



with no sum over k or n. The expected value of the squared uncertainty
in B, [GBr(a,t)]z, is

Si El] Sj = Si ([wllk dlk] [wjmk dmk]) Sj - W(a,t)-l (12¢)

and the covariance matrix for the radial field coefficients is

Bij = Zx (I 030 4 Mg, o5f a k) = 5, By K (124)
where the sum on k is performed after the relevant i by j matrices have
been formed. The covariance matrix is thus a weighted sum of dyadics.
The ® matrix allows the coefficient deviations dmk to be weighted in
accord with the DGRF averaging procedure. Because the elements of the
weight tensor w are normalized to unity, both the squared uncertainty
in the radial field (12c) and the covariance matrix elements (12d) have
the correct units of nT2.

The radial field covariance matrix elements E;; were calculated
using the published Gauss coefficients and (124d). The estimated
uncertainty (conditional standard deviation) of the DGRF Gauss
coefficients is the ratio of the square root of the diagonal elements of
E;js to n(i)+1. At epochs 1970 or 1975 the elements of symmetric E are
of the form Ejy = Zk dikwkd-k. This is not true at epoch 1965, when the
E;; with both "1 > 80 and “j < 80 reflect both the non-zero probability
(1 - (O.5x0.2)1/2 = 68.4%) that they are unknown and the naive
expectation that unknown elements of E;. are zero. Other expectations
could well overestimate the uncertainty in the DGRF models. Such poorly
determined cross-correlations between different coefficient deviations
are assigned reduced weight in my attempts to weight these evolving
broad-scale geomagnetic field models.

The squared uncertainty estimates W(a,tn)'l were evaluated at the
mesh points of the regular 2°9x2° grid using (12c¢) (the inverse of
(IB.10})). This quantity is positive at all such points; however, at a
few (4 or 5) points it is less than 1 nTZ, indicating possibly
fortuitous outstanding agreement between candidate models. This can be
understood in terms of contours of perfect agreement between candidates:
contours where the first and second models agree can intersect contours
where the second and third models agree., The points of intersection
enjoy singular weight. More typically, the weight function again proved
to be heavy in regions of dense data coverage (e.g., Europe) where the
candidate models should agree, and light in regions of sparse data
coverage (e.g., the SE Pacific Ocean and portions of the Indian Ocean)
where the candidate models can differ more easily. The weight matrix
elements Wi5 at DGRF epochs 1965, 1970, and 1975 were then evaluated by
numerical integration of (IB.12a).

The weight matrices used in equations (9) and thus the solutions of
(7) must reflect the typical uncertainty in the broad-scale radial field
during the sub-intervals between DGRF epochs. These were estimated by
numerical integration of equation (IB.12a) with the weight function
taken to be the inverse of the arithmetic mean of the DGRF inverse
weight functions at the sub-interval endpoints. Between DGRF epochs the
squared uncertainty in the radial field [O‘Br(a,t)]2 is thus treated as
if it were the (spatially wvariable) constant equal to the average of its
values at the sub-interval endpoints. For the interval 1980-1975, this
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procedure was used with the additional assumption that the uncertainty
in the initial radial field at epoch 1980 is negligible. The estimated
rms uncertainty in B (a,t) at 1980 for the GSFC 12/83 through degree and
order 10 is much smaller than that for the 1975 DGRF (16 nT vs. 58.30
nT), so this is a fair approximation.

For general weights, the Cfij(tnl are used in place of the wij(tn)
described above. The derivation of £ matrices and the effect of using
them are described in the Appendix (also see the Appendix of Part IB).

3.2 Weighted Variance in the 1980-1945 DGRF Models

There are many quantities of geophysical interest which can be
determined from the DGRF models and their covariance matrices. Of
immediate interest are the more easily interpreted scalar quantities
which describe the signal and the noise in these models as viewed from
the standpoint of one attempting to model geomagnetic secular change
relative to the 1980 MAGSAT epoch.

One such quantity is the root-mean-square change in the radial
magnetic flux density relative to 1980 averaged over Earth'’s surface

= - 2.1/2
ABr(a,t) = <[B.(a,t) B, (a,1980)]“> (13)
(VOORHIES, 1986b). Another is the rms uncertainty in the radial field
obtained from the DGRF covariance matrices described in section 3.1
OB, (a,t) = <[oB (a,t)]%>1/2, (14a)

Such integral measures have many representations; for example, the
square of (l4a) is

[6B,12 = <W(a,t) 1> (14b)
= <Sk Ekl Sl> (14(:)
120
= I {Ej;/[2n(i)+1]} (14d)
i=1
120
= I {(0g;)%/[2n(i)+1]) (14e)
i=1
10 (n+1)2 n
= L —— X {log,M? + [oh %) (14f)

n=1 2n+l1 m=0

where (144d) follows from (l4c) by orthogonality of the spherical
harmonics, the O6g; in (l4e) are the estimated uncertainties in the
radial field coefficients, and (ngm, onm) in (14f) are the estimated
uncertainties in the Gauss coefficients of standard notation. The ratio
ABr(a,t)/cBr(a,t) provides a crude dimensionless measure of how
significant a change in the radial field is called for by the DGRF model
at time t relative to the 1980 DGRF model.
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A better measure of the secular change signal in a DGRF radial
field model relative to the 1980 DGRF is the weighted version of (13)

2 1/2
<[B,(a,t) - B.(a,1980)]“W(a,t)> (15)

1/2

So(a,t;to)
= ({lgy(tg) - g;(1980)] Wis(ty) [g4(ty) - g4(1980)]}/4m)

with sums over i and j running from 1 to 120. This quantity measures
the secular change signal at time t (relative to 1980) in units of
estimated uncertainty (noise). It is the instantaneous rms signal-to-
noise ratio. The 4m semi- normallzatlon allows direct comparison of 50
to ABr/OBr. The gquantity 4n50 is the instantaneous weighted variance
in the secular change relative to 1980.

Time integration of the instantaneous weighted variance yields the
cumulative weighted variance

t
2

am{Agla,t;t)] = 4anf  [8yla,t;t,)] dt

to

t 2

= 4nI <[Br(a,t) - Br(a,1980)] W(a, t)> dt. (16)

to
At t = t¢ this is the total weighted variance in the secular change of
the radial field targeted for reduction. This is the square-weighted

residual resulting from the absurd hypothesis of no secular change: a
constant broad-scale radial geomagnetic component equal to that at 1980.

The method of interpolating both DGRF models and the weight
function should be specified to evaluate the time integral in (16). The
recommended interpolation is linear, but the working hypothesis
indicates interpolation via steady motional induction at the top of a
FFC bounded by a SFM. Because linear interpolation is not taken too
seriously, and because DGRF models are provided only at discrete epochs,
the cumulative weighted variance in the secular change of the radial
field called for by the DGRF models is taken to be

n
an[Ag’ (a, bt )12 = 4n 2 [8y7 (a, byt )] (17)
k=1
n
= X [gjlty) - g;(1980)] Wi (ty) [g(ty) - g5(1980)]
k=1
where t, and t, are DGRF epochs. The cumulative weighted variance (17)

is conveniently independent of the interpolation method and is
dimensionless, as is the total weighted varlance 4n[AO’(a ta=teity )]

When the general weights based on Q (t ) instead of Wy (t ) are
used, the cumulative weighted variance is

n
FlA (a,tpit)12 = f T 18 (a, tyity) 12 (18)
k=1
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= I lgj(ty) - g;(1980)] Q7i5(ty) (g
k=1

() -

where the semi-normalization factor f is taken to be 120 (see Appendix).
This choice allows direct comparison between 60* and 50' and between AO*
and Ay’

Table 1 lists, as a function of th the rms uncertainty in B, ©oB,
(14); the rms change in B, AB_ (13); the ratio ABr/GBr; 50’ from (15);

r

and the s%pi~normalized cumulative weighted wvariance, AO’Z (17). Table
. . * .

2 lists © Br; ABr; the ritlo ABr/G B, 80*; and Ao*z appropriate to

general weights. Note (6'B.)2 = E;;/{2n(i)+1] = (6B.)2 + (11.24 nT)?

for epochs 1865, 1970, and 1975 (see Appendix).

Table 1 shows that 6B, is about 51 nT for the 3 averaged DGRF
models. Though little or no satellite data were available at epoch
1975, the decline of ABr going back from 1975 to 1965 likely reflects
the heavier weight ascribed to the IGS candidate model at the earlier
epochs. Note 6B, is but 26 nT at 1960-possibly because of improved
methods used to derive the 1960 DGRF and its covariance. The rms change
in the expected broad-scale radial field ABr between 1945 and 1980 is
over 1500 nT. The typical rate of change of B, was about 55 nT/yr, but
was more rapid later in the interval-about 64 nT/yr between 1975 and
1980-in part because of the accelerating decline of the axial dipole.
The ratio ABr/GBr is always less than 80‘, so the weights increase the
signal magnitude (by an rms factor of 1.9). It follows that regions of
heavier weight (higher accuracy) correlate with regions of faster
secular change (larger ABr). This might be explained by the relatively
low areal data density over the Pacific Ocean where secular change is
thought to be slow.

The changes in the rms signal magnitude 50' as one looks back in
time reflect competition between increased change in the radial field
due to secular change (increased unweighted signal ABr) and decreased
weight (increased noise level O6B,) prior to 1960. The latter is likely
due to a sparser data distribution before the International Geophysical
Year and the advent of satellite geomagnetometry. Caution in accepting
this explanation is advised because the prior information used in
deriving the 1945-1960 DGRF might reduce the apparent unweighted signal
magnitude in regions of poor data coverage. The semi-normalized total
weighted variance is 12,217.8; the square root of this number, 110.5, is
the total rms signal-to-noise ratio.

Table 2 shows that the general weights yield much larger values of
the rms signal-to-noise ratioc and the semi-normalized and cumulative
weighted variance than do the radial field weights. This is not too
surprising because the different weights correspond to two different
objective functions (see Appendix of Part IB). Indeed, radial field
weights should indirectly filter out the effects of D, X, Y, and H
geomagnetic data which help determine the scalar geomagnetic potential.
The semi-normalized total general weighted variance is 57,548.9,
indicating a total general rms signal-to-noise ratio of 239.89.

The semi-normalizations allow comparison of weights; they are not
intended to be misleading. With t, = 1980 and tg = 1945, the non-
normalazed total weighted variances are 4n[A0'(a,tf;tO)]2 = 153,533 and
lZO[AO (a,tf;to)]2 = 6,905,832. The ratio of these numbers is about
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TABLE 1
Select Properties of the DGRF Models and Uncertainty Estimates
Based on Radial Fileld Weights

t, OB.(a,t) AB_(a,t) ABL/OBL 8y’ (a,tpity) Ag’(a,tpity)?
(A.D.) (nT) (nT)
1980 0.0 0.0 - - -
1975 58.30 318.9  5.47 13.64 186.0
1970 47.47 612.7 12.91 26.01 862.5
1965 45.42 899.2  19.79 51.96 3562.8
1960 25.67  1157.3  45.08 61.17 7304.4
1955 65.87  1427.2  21.67 64.35 11445.1
1950 127.01  1674.9  13.19 19.24 11815.1
1945 160.89  1929.3  11.99 20.07 12217.8
TABLE 2

Select Properties of the DGRF Models and Uncertainty Estimates

Based on General Weights

t, 6*B.(a,t) AB_(a,t) AB_/G"B, 8, (a,t it ) Ag"(a,t st,)?
(A.D.) (nT) {nT)

1980 0.0 0.0 - - -

1975 59.37 318.9  5.37 42.09 1771.8
1970 48.78 612.7 12.56 79.95 8164.3
1965 46.79 899.2  19.21 119.17 22366.9
1960 25.67  1157.3  45.08 163.40 49067.6
1955 65.87  1427.2  21.67 72.73 54357.7
1950 127.01  1674.9  13.19 35.69 55631.6
1945 160.89  1929.3  11.99 43.78 57548.6

18



2.222%; their square roots are 391.833 and 2,627.89; and the square root
of their ratio is about 14.91%. This latter figure suggests that the
radial field weights filter out 85% of the geomagnetic observations. 1In
this sense it takes 67 of the geomagnetic data modeled to affect the
expected radial field in the same way as 10 of the radial field data
modeled. This is not too surprising since Z data alone could determine
the scalar geomagnetic potential, but are uncommon.

3.3 The Target Residual Variance
The definition of the cumulative weighted variance in the DGRF
models (17) requires the cumulative square-weighted residual relative to
the DGRF models to be redefined as
2 o 2
dn[A ' (a, t it )] = 4m X (3. (a,tyity)]
k=1

n
= Zlgi(ty) - v 1 TS Tyt - (e ] (19)
k=1

with i € 120. This measures how well the predicted radial field fits
the DGRF models. At th, = tg it is the total square-weighted residual.
For t = 1980 and tg = 1945, if the residual at each pre-1980 epoch is
one estimated standard deviation (16'), then the semi-normalized square-
weighted residual Sr,2 is (10")2 at each epoch and the semi-normalized
total square-weighted residual Ar’(a,tf;to) is 7. .

Replacing the primes with asterisks, W with Q, and 4rx with 120 in
(19) yields the cumulative generalized square-weighted residual

* 2 n * 2
12074, (a,tit)] = 120 Z [Sr (a,typitl)]
k=1
n
= I lgjty) - (0 1TQ (6 (g5t - ¥5(E) 1. (20)
k=1
At t, = tg, this is the total generalized square-weighted residual. For

ty = 19%0 and tf*z 1945, if the residual ?t each pre-1980 epoch is 10*,
then 8r 2 is (lo )2 at each epoch and Ar (a,tf;to)2 is 7. This 1is the
total square-weighted residual left by any trajectory whese projection
onto the DGRF sub-space grazes each of the 7 error ellipsoids. Other
trajectories can of course hit the target semi-normalized square-
weighted residual of 7 provided residuals greater than 16" at some
epochs are balanced by errors less than 16" at other epochs.

If one accepts the uncertainty estimates derived for the DGRF
models and the radial field weighting, then the target square-weighted
residual is 7 out of 12,217.8. Then 99.9427% of the total weighted
variance in the evolution of the broad-scale radial field indicated by
the DGRF models is signal to be fit. The residual 0.0573% may well be
noise and defines the target normalized square-weighted residual. Its
square root, 2.394%, is the typical nolse-to-signal ratic in the secular
change of the radial field described by a DGRF model relative to 1980.
The typical signal-to-noise ratio is <12,217.8/7)1/z or 42.78. Typical
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(rms) residuals of 1lo’, 20', or 30 correspond respectively to total
square-weighted residuals of 7, 28, or 63 out of 12,217.8.

If one prefers the general weights, then the target total square-
weighted residual is 7 out of 57,548.6. Then 99.9878% of the total
generally weighted variance in the evolution of the broad-scale scalar
geomagnetic potential indicated by the DGRF models is signal to be fit.
The residual 0.0122% is noise and defines the target normalized square-
weighted residual. Its sqguare root, 1.103%, is the typical noise-to-
signal ratio in the secular change of the scalar geomagnetic potential
described by a DGRF model relative to 1980; the typical signal-to-noise
ratio is 90.67. This is over twice that indicated by the radial field
weights. Typical (rms) residuals of 16*, 26*, or 30* again correspond
respectively to total generalized square-weighted residuals of 7, 28, or
63 out of 57,548.6.

In my opinion, residuals less than 0.6740 suggest the unnecessary
fitting of noise; residuals exceeding 10 suggest a flawed hypothesis.
The hypothesis to be tested is that the secular change required by the
DGRF models can be explained by a source-free mantle surrounding a
frozen-flux core in (at least temporarily) steady surficial flow.
However, the SFM/FFC model is but an approximation, the core flow is not
strictly steady, the initial conditions are not very well known due to
ignorance of the narrow-scale core field, numerical approximations are
used in applying the method derived in section 3, and my uncertainty
estimates are but estimates. Moreover, normalized residuals of 10%
indicate a model of secular change which is accurate to first order.
Yet such 10% residuals indicate a typical error of 9.066" (or 4.180.")
per DGRF epoch.

In my opinion, if the hypotheses of steady flow at the top of a FFC
surrounded by a SFM can be used to derive a fluid velocity field which,
via steady motional induction, reproduces radial field models to within
normalized residuals of 10%, then it has some qualitative merit.
Residuals less than 30’ (6.520*) indicate appreciable qualitative merit.
Residuals less than 20’ (4.340*) indicate some guantitative merit.
Residuals less than 10’ (2.170*) indicate appreciable quantitative
merit. Residuals less than 16" demonstrate adequate quantitative merit.
However, any residuals greater than 16" indicate a need to improve
either the earth model (by eliminating one or more of the underlying
assumptions), or upon the means used to test it.

4. SUMMARY

Application of the method developed in paper IB to the Definitive
Geomagnetic Reference Field (DGRF) models [IAGA, 1988]) has been
described. The numerical methods used and the derivation of weight
matrices for the DGRF models were outlined. The DGRF models are
truncated spherical harmonic representations which contain no explicit
information on any narrow-scale structure of the geomagnetic field.
Attempts to fit such models should not be penalized for predicting the
existence of such structure, provided its amplitude is not unreasonably
large. The derived weight matrices reflect this fact, were used to
assess the information on secular change contained in the DGRF models,
and were further used to estimate the tolerable residuals which could be
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produced by a quantitatively acceptable explication of definitive
secular change.

Preliminary results of applying the method have been presented
elsewhere (e.g, VOORHIES, 1987b,c; 1988a, 198%b); final results are to
be presented in part ID.

Application of the method to the DGRF models immediately encounters
a formidable obstacle: incomplete initial magnetic conditions in the
Fourier-Legendre spectral domain. The Gauss coefficients above degree
10 were therefore treated as if zero to complete the initial condition-
preferably at the 1980 MAGSAT epoch. Effects of non-trivial narrow-
scale initial magnetic conditions have been considered and tested. The
truncation of DGRF models is not problematic at non-initial epochs-a
special feature of the steady flow hypothesis. Such truncation is
compatible with the goal of matching the evolution of the broad-scale
radial field (or low-degree scalar potential). Non-zero damping and a
velocity field truncation level of 16 were selected.

Two kinds of weights were investigated: radial field weights and
general weights. For radial field weights, the weighted, optiocnally
constrained, optionally damped iterated linear least-squares method
yields a steady fluid velocity that tracks the weighted evolution of the
radial magnetic field at Earth’s surface indicated by the geomagnetic
field models fitted. For general weights, the method estimates the
fluid motion that tracks the weighted evolution of the scalar
geomagnetic potential at Earth’s surface indicated by the geomagnetic
field models fitted. Both radial field and general weight matrices were
derived from the covariance matrices for the 1945, 1950, 1955, and 1960
DGRF models and from the candidate DGRF models for the 1965, 1970, and
1975 DGRF models. The 1980 DGRF model is treated as comparatively
perfect—-a fair approximation.

The secular change of the broad-scale radial field relative toc 1980
called for by the DGRF models was analyzed. The results for radial
field weights are summarized in Table 1. These weights nearly double
the apparent signal magnitude. The semi-normalized total weighted
variance in the secular change of the broad-scale radial field is
12,217.8; the tolerable semi-normalized square-weighted residual is 7.
Some 99.94271% of the total weighted variance is thus regarded as signal

to be fit. Normalized root-mean-square residuals of 2.394% or less are
tolerable for radial field weights.
The results for general weights are summarized in Table 2. Then

the semi-normalized total weighted variance in the secular change of the
low-degree scalar geomagnetic potential relative to 1980 called for by
the DGRF models radial field is 57,548.6; but the tolerable semi-
normalized total square-weighted residual is still 7. Some 99.98784% of
the total generally weighted variance is regarded as signal to be fit.
Normalized root-mean-square residuals of 1.103% or less are tolerable
for the generalized weights.

Both radial field and general weights yield estimated tolerable
residuals less than the 7% errors expected in the SFM/FFC approximation.
When using radial field weights, the 7% expected error from this
approximation will cause a typical misfit of about 2.920' per DGRF
epoch. When using general weights, the 7% expected error will cause a
typical misfit of 6.350" per DGRF epoch. Therefore, the combined
supposition of a SFM surrounding a FFC in surficially steady flow is
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expected to be rejectable with appreciable confidence. If this is so,
the need for a superior earth model will be clear; steps to develop such
a model have been taken.

If application of the method developed in this paper to derive a
single steady flow from 1980 back to 1945 yields errors exceeding 7%,
then the steady flow hypothesis might reasonably be rejected. If the
steady flow hypothesis yields errors of 7% or less, then it should be
retested using a superior earth model. In light of the interim upper
bound of 7% errors (i.e., at least 99.51% weighted variance reductions)
on the steady flow hypothesis, the prospects for resolving time-
dependent flow with an improved earth model by, say, seeking plecewise
steady flows, may not be too good. The ratio of the time-dependent flow
signal strength relative to the noise in the definitive secular change
models would then be at most 2.92 per DGRF epoch for radial field
weights. But corrections for CMB ellipticity and topography or mantle
conductivity might reduce the residuals resulting from the supposition
of steady flow, and, more importantly, this ratio is 6.35 per DGRF epoch
for general weights. The latter figure seems large enough to hope for
resolution of time-dependent core flow with a superior earth model.
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APPENDIX

For epochs t, = 1945, 1950, 1955, and 1960, calculation of fﬁ

= Q (t ) was p0531ble for the DGRF models using the derived E; ( n).
ThlS was not possible for epochs 1965, 1970, and 1975. This mlght be
due to roundoff error in the published Gauss coefficients, the
interpretation of the DGRF weighting procedure used to obtain the
Elj(1965—1975), or failure of these E s to account for properly expected
errors (e.g., fortuitous agreement of candidate models introducing a
singularity as described in section 3.1). On the chance that random
roundoff error was the source of this problem, (0.5 n’I‘)2 was added to
the diagonals of V matrices for 1965, 1970, and 1975. The resulting v*
matrices were used to calculate the generalized weight matrices

Q(ty) =E"(t)7t = (E(t,) + R[(0.5)%1]R)"]

= (R[V(ty) + 0.25I]R)"1 = (RV" (£, )R) 1 (A1)

for epochs t, = 1965, 1970, and 1975. This procedure also eliminatei
any singularity caused by agreement of the candidate models. The
matrices are used to calculate the generalized weighted residual
variance. The arithmetic mean of these matrices at adjacent epochs 1is
inverted to obtain the generalized mean weight matrices Q (ty) which
replace W(ty) in equations (9) when the gencralized weights are used.

Use of (Al) assumes additicnal uncorrelated noise in the large DGRF
models at epochs 1965, 1970, and 1975. The expected amplitude of this
noise in the radial component

10 (n+1)2 n 1/2 10 1/2
(L ——— ¥ (0.5 nT)2} { T (n+1)2(0.5 nT)2)
n=1 2n+1 m=0 n=1

11.24 nT (rms) (A2)

is comparable to that of very long wavelength crustal fields expected by
VOORHIES (1984)

1/2 10 1/2 10 1/2
(E[B., %1} = ( zlerx(n)z} = ( zl 11.91(0.9969)7)
n= n=
= 10.82 nT (A3)

or by LANGEL, ESTES & SABAKA (1989),

1/2 10 (n+1) 1/2 10 (n+1) 1/2
(E[Brxz]} = { X Rnx) = { Z 20(0.9999387)1)
n=1 2n+1 n=1l 2n+1
= 10.56 nT. (Ad)

However, the parabolic roundoff spectrum associated with (A2) is much
more ’‘blue’ than the nearly ‘white’ crustal spectra (A3) or (A4).

23



REFERENCES

ALLDREDGE, L. R., On predicting changes in the geomagnetic field,
J. Geophys. Res., 92, 6331-6338, 1987.

BARRACLOUGH, D. R., B. M. HODDER, and 5. R. C. MALIN, The IGS
proposal for the New International Geomagnetic Reference Field, J.
Geomag. Geoelectr., 34, 351-356, 1982.

BENTON, E. R., and C. V. VOORHIES, Testing recent geomagnetic field
models via magnetic flux conservation at the core-mantle boundary,
Phys. Earth Planet. Int., 48, 350-357, 1987.

BOND, H., The variations of the magnetic needle predicted for many years
following, Phil. Trans. Roy. Soc., 3, 789-790, 1668.

ELSASSER, W. M., Induction effects in terrestrial magnetism. Part I:
Theory, Phys. Rev., 69, 106-116, 1946a.

FLSASSER, W. M., Induction effects in terrestrial magnetism. Part II:
The secular variation, Phys. Rev., 70, 202-212, 1946b.

ELSASSER, W. M., Induction effects in terrestrial magnetism. Part III:
Electric modes, Phys. Rev., 72, 821-833, 1947.

IAGA (International Association of Geomagnetism and Aeronomy), Division
I Working Group 1 (D. R. Barraclough, chairman), International

Geomagnetic Reference Field revision 1987, Phys. Earth Planet.
Inter., 50, 209-213, 1988.

JACOBS, J. A., ({ed.), Geomagnetism, Academic Press, Vol. 1, 627 pp,
& Vol. 2, 579 pp, London, 1987.

LANGEL, R. A., R. H. ESTES, and G. D. MEAD, Some new methods in
geomagnetic field modeling applied to the 1960-1980 epoch, J.
Geomag. Geolectr., 34, 327-349, 1982.

LANGEL, R. A., and R. H. ESTES, The near-Earth magnetic field at 1980
determined from Magsat data, J. Geophys. Res., 90, 2495-2509, 1985.

LANGEL, R. A., D. R. BARRACLOUGH, D. J. KERRIDGE, V. P. GOLOVKOV, T. J.
SABAKA, and R. H. ESTES, Definitive IGRF models for 1945, 1950,
1955, and 1960, J. Geomag. Gecelectr., 40, 645-702, 1988.

LANGEL, R. A., R. H. ESTES, and T. SABAKA, Uncertainty estimates in
geomagnetic field modeling, Trans. AGU, 69, 335-336, 1988.

PEDDIE, N. W., International Geomagnetic Reference Field: the third
generation, J. Geomag. Geocelectr., 34, 309-326, 1982.

PEDDIE, N.W., and E. B. FABIANO, A proposed International Geomagnetic
Reference Field for 1965-1985, J. Geomag. Geoelectr., 34, 357-364,
1982.

ROBERTS P. H., and S. SCOTT, On analysis of secular variation 1. A
hydromagnetic constraint, J. Geomag. Geoelectr., 17, 137-151, 1965.

VOORHIES, C. V., Magnetic Location of Earth’s Core-Mantle Boundary and
Estimates of the Adjacent Fluid Motion, Ph.D. Thesis, 348pp., Univ.
of Colo., Boulder, 1984.

VOORHIES, C. V., Steady flows at the top of Earth’s core derived from
geomagnetic field models, J. Geophys. Res., %91, 12,444-12,466,
1986a.

VOORHIES, C. V., Steady surficial core motions: an alternate
method, Geophys. Res. Lett., 13, 1537-1540, 1986Db.

VOORHIES, C. V., Steady Induction Effects in Geomagnetism Part IA:
Steady Motional Induction of Geomagnetic Chaos, NASA Technical Paper
3272, Part IA, 28 pp., 1992.

24



VOORHIES, C. V., Steady Induction Effects in Geomagnetism Part IB:
Geomagnetic Estimation of Steady Surficial Core Motions — A Non-
linear Inverse Problem Motional Induction of Geomagnetic Chaos, NASA
Technical Paper 3272, Part IB, 22 pp., 1993.

25



REPORT DOCUMENTATION PAGE O 0188

Public reponting burden for this collection of information is estimated 1o average 1 hour per response, including the time fot reviewing instructions, searching existing data sources, gathering
and maintaining the data needed, and compieting and reviewing the collection of information. Send comments regarding this burden estimale or any other aspect of this coliection of
information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jeflerson Davis Highway, Sulte
1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC_20503.

1. AGENCY USE ONLY (Leave blank)| 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
October 1993 Technical Paper

4. TITLE AND SUBTITLE 5. FUNDING NUMBERS
Steady Induction Effects in Geomagnetism
Part IC: Geomagnetic Estimation of Steady Surficial Core Motions—Application Code 921
to the Definitive Geomagnetic Reference Field Models

6. AUTHOR(S)

Coerte V. Voorhies
7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
REPORT NUMBER
Goddard Space Flight Center 94B00008
Greenbelt, Maryland 20771
9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING/MONITORING
R . L . AGENCY REPORT NUMBER
National Aeronautics and Space Administration
Washington, D.C. 20546-0001 NASA TP-3272, Part IC

11. SUPPLEMENTARY NOTES

12a. DISTRIBUTION/AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE
Unclassified-Unlimited
Subject Category 46
Report available from the NASA Center for AeroSpace Information, 800 Elkridge
Landing Road, Linthicum Heights, MD 21090; (301) 621-0390.

13. ABSTRACT (Maximum 200 words)

In the source—frec mantle/frozen—flux core magnetic earth model, the non-linear inverse steady motional induction
problem has been solved using the method presented in Part IB of this series. The present paper describes how that
method has been applied to estimate steady, broad-scale fluid change indicated by the Definitive Geomagnetic Refer-
ence Field (DGRF) models from 1945 to 1980. Special attention is given to the derivation of weight matrices for the
DGRF models because the weights determine the apparent significance of the residual secular change. The derived
weight matrices also enable estimation of the secular change signal-to—noise ratio characterizing the DGRF models.
Two types of weights were derived in 1987-88: radial field weights for fitting the evolution of the broad-scale portion
of the radial geomagnetic field component at Earth’s surface implied by the DGRFs, and general weights for fitting the
evolution of the broad-scale portion of the scalar potential specified by these models. The difference is non-trivial
because not all the geomagnetic data represented by the DGRFs constrain the radial ficld component. For radial field
weights (or general weights), a quantitatively acceptable explication of broad-scale secular change relative to the 1980
Magsat epoch must account for 99.94271 percent (or 99.98784 percent) of the total weighted variance accumulated
therein. Tolerable normalized root-mean-square weighted residuals of 2.394 percent (or 1.103 percent) arc less than the
7-percent errors expected in the source—free mantle/frozen—flux core approximation.

14. SUBJECT TERMS 15. NUMBER OF PAGES
Geomagnetism, Earth’s Core, Geomagnetic Effects, Core Flow Estimation, 27
Geophysical Fluids 16. PRICE CODE

17. SECURITY CLASSIFICATION |18. SECURITY CLASSIFICATION [19. SECURITY CLASSIFICATION | 20, LIMITATION OF ABSTRACT

OF REPORT OF THIS PAGE OF ABSTRACT
Unclassified Unclassified Unclassified Unlimited
NSN7540-01-280-5500 Standard Form 298 (Rev. 2-89)

Prescribed by ANSI Std. 239-18,298-102




